A single-stage computer procedure to calculate an electron density map suitable to detect errors in a tentative macromolecular model has been developed. In this procedure, an atom of the tentative model does not contribute to the phases used to calculate electron density values at or near its current position, that is within the region containing it and a neighborhood surrounding that region. In this way, the phases used to calculate electron density values within a region are not biased by the model atoms contained within that region or its neighborhood. The number of atoms which are omitted for a given region is maintained at a small fraction of the total structure so that the phases used to calculate electron density values may still be a good approximation to the phases of the complete structure. The procedure was used to improve the model of the Fab portion of the mouse galactanbinding immunoglobulin J539 (IgA2,~c), which contains 431 residues.
Introduction
The detection and correction of errors present in molecular models, particularly in macromolecules, is a difficult task in X-ray structure analysis, more so when the high-resolution diffraction data are not available. During the initial stages of model building, after an initial set of phases for the diffraction data has been derived, a phase-fixed refinement scheme such as the 'real space' procedure of Diamond (1971 Diamond ( , 1976 ) may be used. Incomplete and poor models may be improved by a procedure which restrains the calculated structure factors (Bhat & Blow, 1983) . A reasonably complete and accurate model may be improved by constrained- (Sussman, Holbrook, Church, & Kim, 1977) , restrained- (Hendrickson & Konnert, 1980; Jack & Levitt, 1978; Morffew & Moss, 1982) , or freeatom structure-factor least squares (Agarwal, 1978) . These automated refinement procedures are successful in moving the model in the direction of the gradient of the function being minimized. However, the results of such refinement are unpredictable when the starting model or part of the model is not within the radius of convergence from its correct position.
Errors which are not corrected by the refinement are usually located with the help of electron density maps. However, in an X-ray diffraction experiment only the amplitudes are recorded and not the associated phases; thus an essential part of the information required to generate the electron density map is derived, rather than observed. In practice, when a reasonable model is established, phases calculated from this tentative model are used to supply the missing phase information. Because these phases are derived from the existing model, such an electron density map is biased towards that model.
The locations of poorly known residues of a macromolecule may be sought in a 'fragment map' (e.g. Sussman, Holbrook, Warrant, Church & Kim, 1978; Henrickson, 1980) . Such a map is calculated using phases from a model which does not include certain residues (generally sequentially related) of the tentative model and the method produces unbiased electron densities principally in the region of omitted residues.
In diffraction studies at atomic resolution the suspected atomic locations are verified using an analogous technique wherein these atoms are omitted from the model and a difference map is examined. The fragment map may be considered a modification of this technique which is suitable when atoms cannot be resolved as is the situation with most protein structure analyses.
In this paper we present a different technique of calculating an unbiased electron density map with the omission of only a small percentage of the model from the phase calculation; the electron density map for the entire asymmetric unit is calculated in a single pass with no user intervention. Phases used to calculate the electron density map of a given region are derived from all the atoms of the model except those in that region or in its neighborhood; to this extent the result is not biased by the tentative positions of the atoms.
Calculations with trial structure
The adverse effect of incorrectly placed neighboring atoms on a calculated electron density map is emphasized by the work on vitamin B12 (Hodgkin, Pickworlh, Robertson, Prosen, Sparks & Trueblood, 1959 ). An electron density map calculated using phases derived from a model with a few wrongly placed atoms fails to show convincingly the neighboring correct position of the atoms and also gives a large positive peak at the incorrect position.
Calculations with a trial structure were performed to study the effects of neighboring atoms on the calculated electron density values, particularly with reference to the resolution of the data. The trial structure consisted of the atoms enclosed by a box of size 20 × 20 × 20 A, selected from the asymmetric unit of the crystallographic model of the antibody binding fragment (Fab) of the protein J539. This box contained 240 atoms and was in the space group P1.
The magnitudes of structure factors IFCALI, calculated from the trial structure were randomly altered to obtain a set of IFOBSI. IFOBSI was related to IFCALI by the expression
where r is the value of the Fortran random number function (which is uniformly distributed between 0 and 1) and s is a scale factor which is constant for all the reflections. The value of s was chosen so as to obtain an R value of 0.25 between [FOBS[ and I FCALI; this R value was comparable to the R value (0.28) given by the tentative model of the Fab which was improved using this method. Difference electron density maps were calculated (a) with a particular atom, W, omitted, (b) atom W and all the atoms within 1"6 A, from W omitted, (c) atom W and all the atoms within 2.5 A from W omitted, (d) atom W and all the atoms within 3 A from W omitted; each calculation was repeated with data limited to the resolution 4, 3 and 2 A. The ratio of the peak value of difference densities at the correct position of atom W to the root-mean-square (r.m.s.) value of the difference densities away from the positions of the omitted atoms in each of these maps is tabulated in Table 1 . When only the atom W is omitted from the calculated structure factors which are used to compute the difference density, the ratio of peak to r.m.s, noise decreases steeply with the decrease of resolution. When more and more neighboring atoms are omitted from the structure-factor calculation the ratio at lower resolution becomes comparable to that at increased resolution. For real data, errors in both amplitudes and calculated phases increase with resolution and the effect of using higherresolution data may be less rewarding than predicted by the model calculation.
Procedure
The volume of the desired electron density map is divided into a number of electron density boxes. The 
Discussion and application
Following a suggestion of Professor Hodgkin, Artymiuk & Blake (1981) , in their work on human lysozyme, computed OMIT maps by omitting atoms appearing between certain sections of the electron density map. In this work an overlap of about 1 A was used to avoid problems at the boundaries. If large errors exist in the model, the calculated phases for the higher-resolution reflections become less reliable and the effective resolution is reduced. In such a case, an overlap of only 1 A may be inadequate. From the results (Table 1) of calculation with the test model it may be inferred that the resolutmn of the data may be chosen as the overlap of adjacent atom boxes. Henderson & Moffat (1971) have shown that the contribution of mlFI exp(ic0 to the structure whose phase is different from it by A~p has a figure of merit, m'= m cos(Atp). In the procedure adopted by Artymiuk & Blake (1981) , a larger overlap volume excludes many more atoms from the phase calculation and, therefore, results in phases which are a poorer approx-imation to the phases of the complete model. Furthermore, such systematic omission of the scattering matter found in thick slabs having two dimensions equal to the corresponding cell edge may lead to systematic errors in phases calculated for certain classes of reflections. The present work on OMIT maps not only automates the calculation but also overcomes the above mentioned shortcomings of the earlier usage of the technique. The procedure presented in this paper, unlike the one used by Artymiuk & Blake (1981) , enables one to maintain any desired overlap at the boundaries along with a low value for Ago and thus avoids any significant drop in the quality of the phases or the figure of merits of the reflections. Cases arise in which some residues are incorrectly located and are placed in density which should be assigned to other residues. In such situations, for the fragment map, it may be necessary to omit several unconnected but neighboring fragments from the structure-factor calculation. The identification of these fragments requires detailed examination of the model and these fragments are not always obvious. Thus, when the model may have several unreliable regions and the molecule is large, the conventional fragment Fig. 1 . Electron density maps for certain residues of the protein J539. (Fig. l b) is lumpy and discontinuous. The OMIT map (Fig. ld) has good and uniform electron density for all of these residues. The model has been adjusted to the OMIT map.
map may turn out to be inadequate. For large molecules the fragment-map technique may become impracticable as well. The procedure presented in this paper is free from the above limitations. The suggested procedure produces in a single pass an electron density map which covers all the atomic positions of the molecule and is not biased either by a particular atom or by its neighbors. The computer program developed for the calculation of an OMIT map uses a space-group-dependent structure-factor routine. Electron densities are calculated using a space-group-independent routine and the program was developed using Fortran 77 on a VAX 11/780. The computer program also makes use of an external SORT routine. For the large protein described below, the program required approximately 3 Mbytes of virtual memory and was run in a 3/4 Mbyte working space. The virtual space requirements will be smaller for a smaller problem. The computer time required to calculate an OMIT map for the asymmetric unit of the Fab on a VAX 11/780 is approximately equal to the computer time needed for one cycle of restrained structure-factor least squares using PROLSQ (Hendrickson & Konnert, 1980) for the molecule.
The procedure was used to calculate OMIT maps for the immunoglobulin J539 (IgA2,~:) Fab, which binds galactan. The Fab consists of 431 residues and crystalizes in the space group P212~21 with unit-cell parameters: a = 54-1, b = 74.2 and c = 130"8 A (Navia et al., 1979) . The diffraction data extended up to a maximum resolution of 2.7 A. The model was previously refined by structure-factor least squares (Hendrickson & Konnert, 1980) to an R value of 0.28 (Suh, Navia & Davies, unpublished) . The model was poor in several regions and the 2FOMFC map exp(i~c), where ~ is the phase calculated from the entire model, [Fol and [F~[ are observed and calculated structure-factor amplitudes] had little information which would help to improve the model. Because the molecule was large and had several poor regions, it was decided that the fragment map was not the choice to examine the model. The model had large errors and the phases calculated from the model were poor. The OMIT map procedure used by Artymiuk & Blake (1981) would further reduce the quality of the phases which would be used to calculate the electron density map and, therefore, their procedure was not suitable for this problem and the procedure described in this paper was developed. The size of the electron dens!ty box was 17.7 × 11.4 x 16.1 ,~ and an overlap of 2.5 A was used for the atoms box. The volume of an electron density box corresponds to 0"024 of the asymmetric unit; considering the 2"5 A overlap, the atom boxes enclosed a volume equal to 0.059 of the asymmetric unit. The fraction of the model omitted in different atom boxes ranged from 0 to 11% (with a majority of the boxes recording less than 6%) of the total structure.
The OMIT map for J539 in several regions showed much more information than the 2FOMFC map. Several regions where the model could not be reliably placed using the 2FOMFC map had obvious and convincing density in the OMIT map. Two of these regions are shown in Fig. 1 . The model displayed along with the electron density has been adjusted to fit to the electron density in the OMIT map and is different from the model used for the OMIT map calculation. Contour levels have been chosen such that volumes of corresponding peaks are comparable in relatively good regions of the two maps. The ratio of the r.m.s, of the electron densities in the 2FOMFC map to that of the OMIT map is 1.62. The contour levels for these two maps are of the ratio 1.67. In all the figures, continuous lines are used for the 2FOMFC map and broken lines are used for the OMIT map. The 2FOMFC map (Fig. lb) has a large electron density peak around residue 30, yet, at that contour level no peak is found in the 2FOMFC map for the neighboring residues, 29 and 28. However, the OMIT map (Fig. ld) has continuous and relatively comparable electron density values around all these residues. In general, in regions which had been misinterpreted, the 2FOMFC map was found to be very discontinuous and not uniform when compared to the OMIT map.
Procedures like density modification and phase combination (Bhat & Blow, 1982; Cannillo, Oberti & Ungaretti, 1983; Raghavan & Tulinsky, 1979; Schevitz, Podjarny, Zwick, Hughes & Sigler, 1981; Zwick, Bantz & Hughes, 1976; Wang, personal communication) are becoming more popular in resolving the phase problem. The immunity of such techniques to false minima is yet to be fully investigated. The results of such procedures are generally biased in the sense that they repeatedly suppress electron density peaks outside the molecular envelope and derive phases from the peaks within the molecular envelope. Thus, just like a wrong tentative atomic model, incorrect electron density peaks within the initial molecular envelope may influence the results. Procedures such as the one described by Bhat & Blow (1982) , with capabilities to define molecular boundary precisely and dynamically and to handle changing electron density features in an automated way, may offer some advantages. Results of techniques such as density modification and molecular replacement which make use of preconceived knowledge about the molecular model may be confirmed or corrected using another independent result like the OMIT map.
Conclusion
Fragment maps are used to examine and confirm molecular models. However, its computation is very labor intensive and often the resulting map is unsuitable (as the procedure requires one to have prior knowledge of the location of the erroneous region). The procedure described in this paper produces a relatively unbiased map in a single pass with a modest amount of computing. In addition, the phases used in the OMIT map calculation are derived by omitting only a small fragment of the model and should, therefore, still be a good approximation to the phases of the complete molecule. The procedure may even be used when no prior knowledge of the ambiguities in main-chain tracing or side-chain placement is available.
